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Abstract
Many active methods of scaling laser brightness have been demonstrated in
recent years. The goal of this research was to demonstrate the feasibility of passively
combining multiple laser beams using Stimulated Brillouin Scattering (SBS) in a long
multimode optical fiber. This method of combination employed a “Gatling gun”
fiber array that allowed several collimated beams to be focused by a lens into an
optical fiber. The retroreflected Stokes beam is passed through the center of the beam
combiner for analysis. In addition to experimental methodology and equipment used,
the theoretical and historical background of SBS in optical fibers is provided.
The ability to combine four single-mode off-axis input beams using a fiber array
and a long multimode optical fiber was demonstrated. The Stokes beam generated
by the four off-axis input beams was found to be near Gaussian with an M2 value of
≤ 1.08. The reflected Stokes beam intensity was erratic with no discernible period.
The maximum average reflected power was approximately 50 mW with a conversion
efficiency of 3.5% and a slope efficiency of 11.4%. The peak reflected power was
measured to be over 400 mW with a conversion efficiency of 42%. The threshold
required to generate SBS in this configuration was quadruple the predicted power
required to generate SBS using an on-axis pump beam.
The deleterious effects of the addition of an off-axis side channel was demonstrated. When a Stokes beam was created using an on-axis pump beam, the result was
a stable Stokes beam. The addition of just one side channel caused the Stokes beam
to become erratic and fluctuate in intensity with no discernible period. A hypothesis
is provided and compared to current theory. The success of this thesis suggests the
possibility of a new approach to pumping a fiber Brillouin laser which could reduce
the threshold, increase conversion efficiency, and maintain excellent beam quality.
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Passive multiple beam combination in optical fibers
via Stimulated Brillouin Scattering
I. Introduction
ince the invention of the laser, many have looked for a way to combine the co-

S

herent output from many low power sources and efficiently scale power. By

using many low power modular sources, one can reduce costs, size, and cooling requirements yet maintain high power and excellent beam quality. Currently, the most
common method for achieving high powers is to build large monolithic lasers. For
materials processing work, such as heavy duty cutting or welding, chemical and solid
state lasers are still the most cost effective and mature technology. However, these
lasers are large, expensive, and require active cooling systems. For defense applications that require up to 1 MW of continuous power, the only technology that can reach
this power level are chemical lasers such as Hydrogen-Flourine (HF) and the Chemical Oxygen Iodine Laser (COIL) used onboard the Airborne Laser (ABL). However,
high power chemical lasers suffer from logistical complications, large size, and limited
magazine depth, making tactical operation impossible with current technology.
Semiconductor laser diode arrays (LDAs) attack the problem of high power by
employing many low power modules in a two-dimensional array. In recent years, this
method has been used to achieve continuous wave (CW) output powers in the kilowatt
range. In the materials processing industry, LDAs have begun to replace the older solid
state and chemical systems. LDAs offer customers long lifetimes, energy cost savings,
and reduced floor space requirements over traditional chemical or solid state systems.
But diode lasers are not the panacea once thought. Since the gain region and aperture
of diode lasers are small, the output from individual elements of an array suffers from
beam spreading and astigmatism. By tuning the coherence of individual element
members, adjusting the duty cycle of the array, and using complicated optics, beam
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quality can be quite good. However, to maintain their high efficiency, LDAs require an
effective cooling system to keep the semiconductor junctions at optimum temperature.
These cooling systems are complex and significantly increase the logistical footprint of
the LDA. Further, large cooling systems are heavy and themselves inefficient, which
makes tactical defense applications difficult to implement.
Even if an array of low power, high efficiency lasers were developed, the problem
of combining the outputs into a coherent, well formed beam must still be solved. For
two beams to combine, they must spatially coherent. In a two-dimensional array,
spatial incoherence will result in a diffraction pattern that does not permit all of the
energy to be concentrated into one lobe. For the beams to be spatially coherent, the
phase of each element in an array must be precisely tuned. In the last few years, several
methods have shown the ability to phase lock the entire array, but these methods
required active techniques or optical components. A passive solution of combining
multiple beams into one coherent beam would be ideal, since no electromechanical
control would be required.
For the past few decades, stimulated Brillouin scattering (SBS) in optical fibers
has been vigorously investigated in optical fibers. While SBS is viewed by the telecommunications industry as a deleterious effect that requires complex methods to reduce
the retroreflected light to acceptable levels, the military has found a potential solution
to the problem of coherently combining multiple beams. SBS has been used successfully in the past to combine and clean up an aberrated beam [7]. At AFIT, research
conducted in the last few years has been successful combining two beams from mutually incoherent sources [13]. Recently it has been demonstrated that the output from
two fiber amplifiers can be successfully phased and combined using SBS. [8] The task
remains to efficiently combine more than two beams.
Chapter II of this thesis will provide the reader sufficient review of fiber optics
and stimulated Brillouin scattering. Chapter III will detail the methods and equipment used to investigate beam combination and cleanup. Chapter IV will present the
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results and analysis of the data collected, and Chapter V will provide a brief review
of the progress made and suggestions for further research.

3

II. Theoretical Background
hapter II provides the reader a refresher in basic optical waveguide theory and

C

also provides an introduction to Stimulated Brillouin Scattering. The experi-

mental work and analysis in this thesis rely on nonlinear effects and propagation of
electromagnetic waves in optical fibers. A brief historical review of SBS in optical
fibers will be given in Section 2.3

2.1

Propagation of Light in Optical Fibers
Since ancient times, mankind has struggled to comprehend the nature of light.

With the success of quantum theory in the early 20th century, the behavior of light
was no longer a mystery. The goal became to look for ways to control and manipulate
light. Light reflected by mirrors to convey information across large distances was used
by the Greeks. During World War II, warships communicated using various codes by
modulating spotlights. Simple lab experiments will show that laser light will propagate
through a column of water. How does this occur, and can we take advantage of this
property to propagate light in any direction we choose, over long distances, without
suffering high losses? The answer is yes.
A well known optical illusion is to ”bend” a pencil by dipping a pencil in a glass
of water. Of course the pencil is not bending, but rather the rays from the pencil are
shifted by a small amount due to the difference in the index of refraction. Another
example is the view of a swimmer below the surface of the water. As he looks up he
will notice a circular area where he can see the sky or perhaps his boat. However if
he looks farther ahead, he will notice he cannot see through the surface of the water
and in fact, he can see reflections of fish swimming ahead of him. In this case, light is
being totally internally reflected and it is this effect we wish to exploit to guide light
along the path of our choice.
Total internal reflection is a consequence of the boundary conditions imposed
by classical electromagnetic theory on the perpendicular and transverse components
of an electromagnetic wave . Light entering a low index material from a high index
4

material will be reflected provided the angle is greater than the critical angle. To
illustrate this concept see Figure 2.1(a). The critical angle of the glass-air interface
can be calculated by

θc = Sin−1

nt
ni

(2.1)

where θc is the critical angle, nt is the index of the transmission medium and ni is
the index of transmission of the incident medium. Now imagine we use two glasses
with close indices of refraction rather than air and water. We form a cylindrical core
of glass with a high index of refraction, say 1.53, and a cylindrical cladding of glass
with an index of refraction of 1.51. Using equation 2.1, we arrive at a critical angle of
1.40 radians. Figure 2.1(b) demonstrates the concept of an optical fiber. A cylindrical
glass tube is extruded in long thin strands and doped with various impurities such
as Germanium or Phosphorous to create small differences in the index of refraction
between the core and the cladding.
Now that we have seen an optical fiber is nothing more than two glasses of
differing index of refraction, we can ask the question of how we might vary the index
of refraction and core size to take advantage of mode structure within the fiber. The
index profile can be modeled by Equation 2.2, where r is the distance from the optical
axis of the fiber, a is the core radius, n1 is index of the core, n2 is the index of the
cladding , and p is the grade profile parameter.

2

n (r) =

n21


 r p n 2 − n 2 
1
2
1−2
a
2n21

(2.2)

Two methods in common use are the step index and graded index. In a step
index fiber the index of refraction profile is step-like and discontinous across the two
glasses (p = ∞). In a graded index, the index of refraction profile is a polynomial
of degree p = 1 to ∞, but is commonly parabolic (p=2). Each index profile has

5

Figure 2.1: Total internal reflection in a two-dimensional slab
waveguide (a), and the concept of an optical fiber (b).
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Figure 2.2: Index profiles for the core of an optical fiber. The
solid line is a step index fiber and the dashed is a parabolic
graded index fiber with p = 2. Dimensions are relative to the
cladding index which is zero.
advantages and both are used in this thesis work. Figure 2.2 shows the index profile
for a step index and parabolic graded index fiber.
An important parameter derived from the difference in the indices of refraction
is the numerical aperture (NA). The NA can be calculated by

NA =

q

n21 − n22

(2.3)

where n1 is the core index of refraction and n2 is the cladding index of refraction.
Alternatively, the NA can be described as the sine of the maximum entry half angle
from the optic axis of the fiber.
Core diameter is perhaps the single most important parameter of an optical
fiber. Depending on the diameter of the core, the fiber will be either single-mode or
multimode for a give wavelength. Along with the numerical aperture defined above,
core diameter allows us to calculate the so-called V-parameter which governs the
number of modes supported in a fiber. For example, if V is calculated to be less than
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2.405, only the fundamental mode of the fiber is permitted to propagate. V may be
calculated for step and gradient index fibers by the equation

V = 4π

d
NA
λ0

(2.4)

where d is the diameter of the fiber core (commonly given in microns), λ0 is the
wavelength of light, and NA is the numerical aperture calculated in Equation 2.2.
The number of modes in a fiber may be approximated by

M≈

4 2
V
π2

(2.5)

V2
4

(2.6)

if the fiber is step index or

M≈

if the fiber is a has a parabolic index profile. In both cases V is taken to be much
greater than unity.
Depending on the size and shape of an optical fiber, one mode or a superposition
of many modes can exist in an optical fiber. Due to the cylindrical symmetry of the
fiber, Maxwell’s equations may be accurately solved assuming the difference between
the index of refraction in the core and the cladding is small, typically less than 0.01.
This is called the weakly guided case. [12]. The solutions to Maxwell’s equations in
this case are the Bessel and modified Bessel functions. These functions provide the
mathematical model for the optical modes and are given two indices, the azimuthal
mode number, n, and the radial mode number l. Higher order modes give rise to
”noisy” beam shapes and poor intensity profiles. Figure 2.3 shows the characteristics
of several lower order modes that can be found in an optical fiber. In reality, the
fiber used for this research are multimode and support tens of thousands of modes.
For the purposes of directing optical energy on a target, the beam shape should be

8

Figure 2.3:
Modes of a fiber with a top-hat refractive index
profile. The lowest-order mode (l = 1, m = 0, called LP01 mode)
has an intensity profile which is similar to that of a Gaussian
beam. Note that for a given wavelength, the number of fiber
modes is finite; e.g., the figure shows all modes for the given
configuration. In general, light launched into a multimode fiber
will excite a superposition of different modes, which can have a
rather complicated shape. [1]
single-lobed and the beam should diverge as slowly as possible en route to the target
to ensure maximum optical fluence downrange. The optimum mode for this situation
is the fundamental mode, called LP01 or HE11 . In this mode, the electric field is
linearly polarized and orthogonal to the magnetic field. The intensity profile takes on
a Gaussian shape as in Figure 2.4. How might we measure beam quality and compare
a beam with this ideal shape?
While many methods have been used in the past, perhaps the most widely-known
method of measuring beam quality today called M2 or mode quality. M2 is the factor
by which the product of the actual angular divergence and waist size exceed ideal [20].
To calculate M2 , divide the product of the angular divergence of the beam and the
waist size (also known as the beam parameter product, (BPP)) by the waist size of the
diffraction limited Gaussian beam of the same wavelength including divergence. [2]
9

Figure 2.4: 3D plot of a purely Gaussian beam which closely
approximates the LP01 mode in an optical fiber. [3]
The ideal laser beam has an M2 of 1. The value of M2 can be greater than one but is
never less than one.
For a Gaussian beam, the beam radius w(z) can be calculated by
r
z
w(z) = w0 1 +
zR

(2.7)

where w0 is the beam waist, z is the distance from the waist, and zR is the Rayleigh
range. The Rayleigh range is the distance over which the beam may be considered
√
undiverged, but by definition is when the beam radius has increased to w(z) = 2w0 .
The angular divergence of a Gaussian beam in the far field can by calculated by

θ=

λ
πw0

(2.8)

where λ is the wavelength and w0 is the beam waist
Unfortunately, light does not propagate without losses in optical fibers. Throughput depends on the frequency of the incident light, the dopants used, and the length
10

of the fiber. Typically, the losses are empirically measured by the manufacturer in
dB/km at several popular wavelengths. At wavelengths other than those provided,
the loss parameter α can be empirically derived or interpolated from a chart. The loss
parameter in units of length−1 may be calculated empirically by
−1
α=
ln
`



It



Ilens ηc

(2.9)

where ` is the length of the fiber, It is the transmitted intensity, Ilens is the intensity at
the coupling lens and ηc is the coupling efficiency of the lens. Once the loss parameter
is known, you may calculate the throughput efficiency, ηf ib of an optical fiber by the
formula

ηf ib



Pout
−α∗
=
`
= exp
Pin
4.343

(2.10)

where Pin is the power measured going into the fiber, ` is the length of fiber in
kilometers, and α∗ is the loss in dB/km. Another useful figure of merit for optical
fibers is effective length. This is the interaction length an optical photon sees due to
losses. Two fibers of different length may have the same effective length. It may be
calculated by

Lef f =

1
(1 − exp [−αL])
α

(2.11)

Successfully manipulating the path of light requires knowledge of its polarization
and the effects of individual components on the polarization. In many experiments
the design is based on the ideal situation where polarization is always fixed. This is
seldom realized on the lab table! In theory, light propagated through a circular fiber
maintains its polarization. If it enters the fiber with vertical polarization it should
remain that way upon exiting. However, due to many factors, including temperature
variations within the fiber, strain induced birefringence, and random noise from the
input source, elliptical polarization is usually observed at the output. Despite the
11

fact that the overall power measured at the fiber output is not affected, the ability to
control the output with beamsplitters and polarizers is hampered by the presence of
elliptical polarization.
To combat the formation of elliptical polarization, special polarization maintaining (PM) fiber is used. PM fiber can be constructed several ways, but it general, it
relies on creating different propagation constants for the orthogonal polarization components. This can be done by using an elliptical core or inducing asymmetric strain
in the core . This experiment utilized a PM fiber that employed the latter method by
placing two glass rods with different thermal expansion coefficients in the cladding.
Figure 2.5 provides an illustration of this method. During the cooling process the
rods stress the glass in a way that creates a birefringence condition in the core. This
birefringence allows the electric field vector that is parallel to the stress rods to propagate and the other to be attenuated. For the reader unfamiliar with the concept of
birefringence, a good introduction may be found in chapter 8.4 of [10, pp. 336-344].

2.2

Stimulated Brillouin Scattering
If the electric field inside a fiber becomes intense enough, nonlinear effects will

arise due to changes in the material’s dielectric properties. Stimulated Brillouin scattering is a nonlinear effect created by the scattering of a photon off an index variation
created by an acoustic field. If the acoustic wave is generated by the application of an
external field, then the scattering process is considered to be simulated. A schematic
representation of the energy relationship for SBS may be found in Figure 2.6. A photon annihilates and creates an acoustic phonon and a redshifted photon traveling in
the opposite direction.
This process must conserve energy and momentum of the respective photons
and phonons. The three waves are therefore related by

12

Figure 2.5: Stress rods in a PM fiber. The stress rods create
an induced birefringence that allows only one polarization to
propagate.

Figure 2.6:
Energy diagram of SBS in an optical fiber. An
acoustic phonon Ω is created by the annihilation of a photon
ωL and creates a redshifted optical photon ωS traveling in the
opposite direction.
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Ω = ωL − ωS

(2.12a)

kΩ = kL − kS

(2.12b)

where kΩ is the propagation vector of the acoustic phonon, kL is the propagation
vector of the source photon that is annihilated, and kS is the propagation vector of
the redshifted Stokes photon.
Electrostriction is the tendency of a material to compress in the presence of an
electric field. A change in the density of the material causes changes to the optical
properties of the material. The change in the susceptibility of the material can be
calculated by

∆χ =

1
Cγ 2 hẼ • Ẽi
32π 2 e

(2.13)

where ∆χ is the change in susceptibility, C is the material compressibility, γe is the
electrostrictive constant, and Ẽ is the applied electric field. This change in susceptibility leads to a change in the polarization vector in the material
The pump beam and spontaneously scattering light cause the fiber responds
harmonically, creating an acoustic wave which accounts for the interaction between
the pump and Stokes beam which was created from thermal noise.

ρ̃(z, t) = ρ0 + [ρ(z, t) exp[ı(qz − Ωt)] + c.c.]

(2.14)

where ρ0 is the unperturbed density, q is the acoustic wave vector, Ω is the frequency
of the acoustic wave, and c.c. is the complex conjugate. [6, p. 418] This pressure wave
acts as an acoustic Bragg grating throughout the length of the fiber. This grating
scatters light according to Bragg theory and generates a Stokes beam traveling in the
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opposite direction that is redshifted on the order of tens of GHz. The Brillouin shift
may be calculated by

νB =

2nνA
λp

(2.15)

where νB is the Brillouin shift, n is the index of refraction, νA is the acoustic
velocity, and λp is the wavelength of the pump source. [4, p. 265]
Once the system has reached steady state and we make the slowly-varying amplitude approximation, the amplitude of the Stokes and pump waves may be modeled
by two coupled-amplitude equations

ıq 2 γe2
|A2 |2 A1
dA1
=
dz
8πncρ0 Ω2B − Ω2 − ıΓB
dA2
−ıq 2 γe2
|A1 |2 A2
=
dz
8πncρ0 Ω2B − Ω2 + ıΓB

(2.16a)
(2.16b)

where A1 is the amplitude of the pump, A2 is the amplitude of the Stokes, ω is the
frequency of the Stokes and the pump, γe is the electrostrictive constant, n is the
index of the material, c is the group velocity, ΩB is the Brillouin frequency, Ω is the
acoustic wave frequency, and ΓB is the Brillouin linewidth. [6, p. 420]
Assuming exponential decay of the acoustic waves in the fiber, SBS has a
Lorentzian gain profile and the gain may be calculated by
(ΓB /2)2
g = g0
(ΩB − Ω)2 + (ΓB /2)2

(2.17)

where g0 is the line-center gain factor

g0 =

γe2 ω 2
nvc3 ρ0 ΓB
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(2.18)

The line-center gain factor may be used to estimate the power required to reach
SBS threshold by the equation

Pthresh ≈ 21

Aef f
Lef f g0

(2.19)

where Aef f is the effective area of the fiber. The effective area can be approximated by the true area of the fiber core or empirically measured [11]. Typical effective
areas in optical fibers range from 20-125,000 µm2
Conversely, the Brillouin gain g may be estimated by rearranging the above equation and solving for g. The factor of 21 can be doubled depending if the polarization
of the pump and Stokes are mixed [4, p. 269]
The solutions of equation 2.16 lead to an intensity relationship between the
pump and Stokes fields [4, p. 268] that are valid after the Stokes wave is created

dIs
= −gIp Is + αIs
dz
dIp
= −gIp Is − αIp
dz

(2.20a)
(2.20b)

where the α term includes the losses in the fiber for both the pump and Stokes.
Equations 2.20 can be solved one of two ways. For estimating the intensity of the
Stokes wave near threshold, one can neglect pump depletion. The solution therefore
is

Is (0) = Is (L)exp

gP0 Lef f
Aef f − αL


(2.21)

which describes an exponentially growing Stokes wave traveling in the backward direction. If the pump depletion is taken into account, then another method must be
used. [4, p. 269]
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2.3

Historical Considerations
In this section the reader will be given a short history of the experiments and

results that precede this thesis and the important results derived from them. Only
works dealing with stimulated Brillouin scattering in optical fibers are considered. For
a larger perspective of SBS, including Brillouin lasers, amplifiers, and phase conjugation, see [4, 21].
SBS was first demonstrated in optical fibers by Ippen and Stolen in 1972 [11].
In this seminal work, Ippen and Stolen utilized a pulsed Xenon laser at 535.5 nm
that contained an internal etalon to reduce the linewidth to less than 100 Mhz. Two
important results came from this work. First, a narrow linewidth is essential for
reducing the SBS threshold to less than one Watt. Second, the use of single-mode
fibers to stimulate the fundamental mode and encourage rapid growth of the Stokes
beam. Ippen and Stolen concluded that SBS was more of a problem than originally
thought by telecommunications experts because the Stokes wave could grow to such
intensity that fiber damage could result. Y. Aoki and K. Tajima showed that in long
single-mode fibers, the threshold could be as low as 13 mW in a 10 km optical fiber [5].
Until the late 1980’s, most work on SBS in optical fiber concentrated on reducing the
effect in order to limit the damage to, and interference in, telecommunications circuits.
During the later years of the Cold War, researchers in the United States and
the former Soviet Union attempted to exploit SBS for various defense applications
such as phase conjugate mirrors, beam combination, and beam cleanup. Sternklar,
et. al. demonstrated that to combine two beams into an optical fiber with a spherical
lens using stimulated Brillouin scattering, the alignment bandwidth is on the order of
1 mrad. [19]. Further, the two beams can excite their own Stokes beam which only
overlap in the Gaussian tail. Sjöberg showed that the CW SBS threshold in short
multimode fibers increased with decreasing input beam quality. He also showed that
the generation of SBS is affected by mode mixing as the beam quality degrades down
the length of the fiber [18]. Beam cleanup in long, multimode fibers was shown to be
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feasible by Brusselbach which was a major source of inspiration for this thesis. Figure
2.7 shows the clean-up power vs input power [7]. Furthering this concept, recent work
at AFIT [14, 16, 17] demonstrated beam combination and cleanup of two coherent
beams in long multimode fibers as well as two incoherent beams.
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Figure 2.7: Cleaned-up power vs Input Power in a multimode
optical fiber. The fiber used was a 3.3 km V=14.4 step-index
silica fiber. [7]
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III. Experimental Methods and Equipment
hapter III outlines the methods and equipment used to investigate beam com-

C

bination in long multimode optical fibers. First, the methodology for amplifi-

cation of a narrow linewidth signal will be presented. Second, the characteristics of
SBS in optical fibers will be described. Lastly, a description of the equipment and
procedures required to evaluate off-axis beam combination is provided.

3.1

Fiber Amplifier and Channel Division
In order to generate SBS, a narrow linewidth source is required as discussed

in Chapter II. High power is a secondary requirement if generating SBS via off-axis
marginal rays, and many commercial sources with narrow linewidth at 1.06 µm do
not provide sufficient power. In order to satisfy both requirements, a Ytterbiumdoped fiber amplifier was used to boost the output of the seed laser to 10 Watts. The
seed laser used was a Lightwave Electronics, Inc. Series 125 Nd:YAG Non-Planar Ring
Oscillator (NPRO) which outputs a 700 mW signal at 1.06 µm with a linewidth of less
than 5 kHz. The NPRO output was collimated and focused into a Nufern 10.33 meter
polarization maintaining, Ytterbium-doped fiber using a 10x microscope objective. A
Lissotschenko Mikrooptik (LIMO) LDD-50 semiconductor diode laser array at λ=975
nm was backwards fed into the fiber amplifier by a 20x microscope objective. The
details of the fiber amplifier can be found in Figure 3.1.
The output polarization of the amplifier was fixed by aligning the stress rods
in the fiber with the polarization of the NPRO seed beam. The stress rods impart
a natural birefringence in the fiber that allows the fiber to maintain polarization.
This is important because the beamsplitters used to equally divide power required the
input to be p-polarized. Secondly, it allows control of the pump and Stokes beams
using polarization beam splitters. The polarization of the seed beam was controlled
by a half-wave plate on the exit aperture of the Faraday rotator. To ensure the correct
polarization a beam splitter cube was used to determine the polarization at the output
of the fiber amplifier. By iterating both the angle of the input and output half-wave
20

Figure 3.1:
Fiber amplifier layout. A dichroic beamsplitter
(DBS) was used to separate the pump from the signal. The
Faraday rotator contains two half-wave plates for adjusting the
polarization of the NPRO seed.
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plates, p-polarized output was achieved. The output of the fiber amplifier was spatially
filtered using a 1mm pinhole to reduce the amount of elliptically polarized light from
the cladding of the PM fiber from entering the beam combiner. The wavelength
spectrum of the fiber amplifier is shown is figure 3.2. The actual linewidth is much
smaller due to optical spectrum analyzer resolution, and estimated to be less than 80
Mhz. The maximum observed power of this fiber amplifier was 9.3 Watts at an input
power of 25 Watts. The M2 value of the amplified signal, taken at an output of 651
mW, was ≤ 1.5. The M2 value at higher powers was predicted to remain good due
to the single-mode core of the fiber amplifier. The M2 value was calculated with a
ModeMaster beam propagation analyzer.
Two methods of channel division were used. The first method was used to
demonstrate generation of the Stokes beam using four off-axis side channels with
no center seed. The second method used a center seed beam and the off axis rays
to investigate the interplay of the seed and side channels. Figure 3.4 details the
experimental setup with no seed beam. The 1.06 µm output of the fiber amplifier
was split by a dichroic beam splitter and then distributed into four channels using
standard flat mirrors coated for the near infrared band. The channels were focused
into 9 µm single mode pigtail collimators using Optics For Research (OFR) fiber
ports. The pigtail collimators have gradient index (GRIN) lenses (focal length =
5.00 mm) cemented to the ends to provide collimated output. Figure 3.5 shows the
“Gatling gun” fiber mount (GGM). The GGM was an aluminum disk with six holes
drilled around a central hole of diameter 3 mm, which is three times larger than the
calculated fundamental mode beam waist of the Stokes return beam from the 62.5µm
fiber.
The beam combiner concept is shown in figure 3.6. This configuration of the
holes was designed to provide a minimum entry angle into the fiber but still allow
the possibility of a Stokes beam to return through the center. The collimated output
is directed to a 15 mm focal length gradient lens that focuses the four channels into
the core of a long multimode fiber which is clamped into a rotary fiber chuck and
22

x-y translation stage. Both the lens and beam combiner have tip-tilt adjustment in
addition to x-y translation.
A center seeded configuration was used to evaluate the effects of the side channels
on the center seeded Stokes beam. Figure 3.7 details the experimental setup. The
output of the amplifier is passed through a spatial filter and then two beamsplitters.
These beamsplitters create two branches of relatively equal power and a center channel
that is used to seed the Stokes beam. In this setup, the center channel is passed
through another half-wave plate and then a polarization beamsplitter cube (PBS)
that directs the seed into the SBS fiber. The side channels are passed through the
polarization beam splitter cube and then focused using the gradient lens into the SBS
fiber. To monitor the SBS created by the center seed channel, a glass microscope
slide was used to pick off a small portion of the return beam. The polarization of the
side channels was oriented 90 degrees with respect to the center channel. Any Stokes
generated by the side channels should return through the polarization beam splitting
cube and the center of the beam combiner. The objective was to show that the side
channel and the center channel formed two Stokes beams. Both Stokes beams were
analyzed with a Burleigh scanning Fabry- Perot etalon and a Newport diode detector
power meter.

3.2

Characteristics of SBS in Optical Fibers
Two different fibers were evaluated for production of SBS. Both fibers were

multimode. The first fiber was a gradient index OFS, Inc. silica fiber with a core
diameter of 62.5 µm and a cladding diameter of 125 µm. The second fiber was a
gradient index OFS, Inc. silica fiber with a core diameter of 100 µm and a cladding
diameter of 225 µm. Each fiber was tested for its ability to couple up to four channels
from the beam combiner. To perform this test, a length of fiber approximately one
meter was cut and the ends cleaved at zero degrees using a 3SAE Auto Prep II fiber
cleaver. Output power was measured at the end of the fiber compared to and plotted
against the input power. This test is important because the ability to efficiently
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couple multiple beams will vary depending on the number of beams being combined
and size of the fiber. The tradeoff is made between having a small fiber with a low
SBS threshold and a larger fiber that will accept more light.
Once the coupling efficiencies were measured, the full length of fiber was evaluated for creation of a Stokes beam. The two fibers tested had different lengths and loss
characteristics. The 62.5 µm fiber was 8.8 km long and had an estimated loss of 1.2
dB/km. The 100 µm fiber was 4.4 km long and had an estimated loss of 2.0 dB/km
based on a chart provided by the manufacturer. To provide a sense of the coupling
efficiency while using the long fibers, the path losses were calculated and compared to
experimental data. It was important to ensure all channels were contributing equally
and coupling into the fiber. While maximizing the observed output is helpful, it is
much better to cover one channel at a time and determine what percent of each channel is actually being coupled into the fiber. This method ensured that one channel
was not solely generating SBS.
In order to provide a gauge of the power level required to generate SBS, each
fiber was tested by launching a beam down the optical axis which allowed the best
chance for the generation of the fundamental mode. This was done using the center
seeded configuration in Figure 3.7 with power measurements taken in front of the
gradient lens and at the end of the fiber under test. Recall from Chapter II, the
center-seeded geometry has the theoretical lowest threshold for SBS generation and
will be a bellwether for evaluating the SBS threshold required for the off-axis beams.
The input power, output power, and reflected (Stokes) power were measured and the
SBS conversion efficiency was calculated.

3.3

Off-Axis Beam Combination
Perhaps the most important aspect of this thesis was to demonstrate the ability

to generate SBS using only multiple side channels which are offset from the optical axis
of the fiber. Using the first configuration (Figure 3.4), the side channels were aligned
with the front face of a 15 mm gradient lens that focused the four beams into the
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fiber. In preparation for investigating SBS with a center seed, a second configuration
was also used in a separate experiment as shown in Figure 3.7 but by blocking the
center channel. The results of the two configurations will be discussed in Chapter IV.
Due to the use of only four of the possible six beams in the GGM, the beam
spots took the form of a diamond shape. The orientation of the beam asterism created
by the GGM was not uniform due to the fact that the GGM was hand assembled and
the pigtail collimators held in place with five-minute epoxy. Even though the gradient
lens is designed to limit the effects of spherical aberration created by the imperfect
positioning of the side channels, it was important to orient the beam asterism in a way
that maximized coupling into the SBS fiber. This was done using a process of trial
and error by rotating the beam combiner in its mount and then using the translation
stages of the SBS fiber to minimize the scattered light due to poor coupling from the
fiber’s front facet, while simultaneously maximizing the residual power measured at
the back end of the SBS fiber.
Once the fiber and side channels were properly aligned, a power meter was
placed in front of the beam combiner and power reading were taken using a 30 Watt
Newport detector head power meter. These results were mapped to the drive current
of the LIMO diode pump laser and used for later calculations. A Burleigh scanning
Fabry Perot spectrometer was placed directly behind the center opening of the beam
combiner to view the reflected beam and indicate the presence of SBS. Beginning at
the lowest drive current that produced a quality beam, the drive current was increased
one amp at a time and the output of the etalon was viewed on a LeCroy LC584AM
oscilloscope. If a Stokes beam was observed a power meter was inserted to measure the
reflected power. Due to the fluctuations observed in the Stokes beam, a LaserProbe
RM-6600 Universal Radiometer was used to take energy readings in addition to the
average power readings taken earlier.
After the Stokes measurements were taken, the contribution of each side channel
was assessed. At a high and low input power, the residual throughput of the SBS fiber
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was measured. Each channel was blocked using an opaque object and the residual
throughput power was measured. The actual and percent contribution of each channel
was calculated and if the sum of the contributions was not within the one sigma error
of the initial residual throughput, another measurement set was taken. After taking
these measurements with the full length of SBS fiber, approximately one meter of the
SBS fiber was cut and the test repeated. For the one meter test, the effective coupling
efficiency of the beam combiner was also calculated.

3.4

Off-Axis Beam Effects on the Center Channel
While the importance of generating a Stokes beam using the only off-axis side

channels was the main focus of this research, the interplay of the side channels and
a center seed beam was also characterized. Previous work [9] showed that it was
possible to couple up to 16% of the side channels to a Stokes beam created by the
center channel. Because of the complicated mode structure created by the side channel
due to the geometry of entry into the SBS fiber, the effect on the Stokes beam created
by the center seed beam was investigated.
Using the configuration in Figure 3.7, a center seed beam was directed to the
front surface of the gradient index lens using a polarization beam splitting cube. The
input beam asterism from the beam combiner was also passed through this cube along
with a half-wave plate. One difficulty with this setup is that the alignment of the center
beam fixes the position of SBS fiber. This leaves only the x-y tilt adjustments and
the rotation of the beam combiner to satisfactorily combine the side channels. In this
configuration the effect of one side channel was demonstrated due to the difficulty of
aligning four beams through the PBS cube. Once the side channel and center seed
beam were aligned an average power reading was taken in front of the gradient index
lens as the drive current was adjusted. The etalon was positioned after the glass slide
pickoff and a power meter was placed behind the center hole of the beam combiner.
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3.5

Stokes Beam Quality
An important measure of merit for any laser system is the M2 value. The

importance of this parameter is discussed in Chapter II. To empirically determine
the M2 value of the reflected Stokes beam, I used a near-infrared CCD camera and
a 300 mm focal length positive spherical lens on an optical rail. The rail was placed
about half a meter from the back of the beam combiner. A half-degree wedge was
used to direct the Stokes beam into an alignment pinhole at the front of the rail.
The alignment pinhole was replaced with the spherical lens once rough alignment was
performed.
After the Stokes beam was centered in the camera’s output display, a rough
beam waist was found and defined as the center reference point. From the center
point, the camera was translated through 5 centimeters on either side of the center.
All analysis was performed using Beam Profiler software. Beginning at the -5 cm point
on the rail (to the left with respect to the observer), the camera was moved in 0.5 cm
increments and the horizontal and vertical beam waist were measured by the software.
Because the Stokes beam was intermittent, a ten sample average of the beam waist was
performed by the capture software running in pulsed mode. The beam waist averages,
along with the camera position were fed into a Mathematica R nonlinear fit routine
that calculates the M2 value and the radius of the beam at the beam waist. Images
of both the near field and far field Stokes beam were taken through the camera.

3.6

Chopped Input Beam Combination
To investigate whether or not the intermittent Stokes beam was affected by

the input beam shape, a beam chopper of unknown specifications was found and
disassembled in the lab. The dimensions of the beam chopper rotor are shown in
Figure 3.8. The motor was labeled as 1300 rpm. Using the dimensions of the beam
chopper rotor, the angular frequency, f is 21.6 rev/s with a period T of 46.2 ms.
Because there are six slots on the chopper blade, the actual period is 7.7 ms which
results in a pulse rate of 130 Hz. The angular velocity is calculated by ω = 2πf and
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is found to be 136 rad/s. The pulse duration may be calculated by first finding the
linear velocity using

v = rω

(3.1)

and then using the width of the chopper slot to calculate the duration of the
beam during each pass. Using a slot width of 1.9 cm and a linear velocity of 1036
cm/s the pulse duration is calculated to be approximately 1.83 ms.
The beam chopper was inserted at the point just before the pinhole in Figure
3.7. Instead of a power meter, a Joule meter was placed behind the beam combiner
to measure the energy of the Stokes beam pulses. These values were then compared
to the pulses of the Stokes beam when the beam was not chopped. Additionally,
the residual power was measured at the rear of the SBS fiber and compared to the
unchopped case.
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Figure 3.2:
Fiber amplifier spectrum. The true linewidth is
estimated at 80 Mhz based on measurements taken with the
etalon. The best resolution of the spectrum analyzer was 0.5
nm/div.
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Figure 3.3: Fiber amplifier linewidth as measured by a FabryPerot etalon. The free spectral range of the etalon is 8 GHz and
there are 0.32 GHz/division. The linewidth is estimated at less
than 80 Mhz.
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Figure 3.4:
Seedless Experimental Setup. A glass pickoff is
inserted behind the beam combiner to intercept the returned
Stokes beam.
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Figure 3.5: GGM close up photo showing Stokes return path
and GRIN lenses surrounding the central hole. Central hole
size drilled to fully accommodate returning Stokes beam without
vignetting.

Figure 3.6:

GGM conceptual schematic.
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Figure 3.7:
Center Seeded Experimental Setup. All optics
coated for 1.06 µm. The central channel is blocked during seedless operation.
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Figure 3.8:
Beam Chopper Schematic. R1 is 38.1± 0.8 mm,
R2 is 88.9±0.8 mm, S1 is 9.52±0.8 mm, and S2 is 22.2±0.8 mm
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IV. Results and Analysis
4.1

Characterization of SBS in Multimode Optical Fibers
he coupling efficiency and SBS threshold of the fibers tested was an important

T

benchmark for this experiment and served as a bellwether for the input power

required to test the ability of the beam combiner to produce a Stokes beam. The
following is a short summary of the results. The reader unfamiliar to SBS generation is
encouraged to read these results for better understanding of the power levels involved.
Recalling from Chapter II, the threshold for SBS when launched down the optical
axis can be very low. Depending on the diameter and length of the fiber the threshold
value is usually in the tens of milliwatts. When the beam combiner experiment was
previously run at AFIT, the SBS threshold for the 62.5 µm fiber was 75 mW, and
the 100 µm fiber was 300 mW. [9] What is important to remember is that the SBS
threshold will go up as the fiber becomes larger. A larger core also allows you to
combine more beams, which presents the researcher with a dilemma. According to
Equation 2.19 the predicted Pthresh value for the 62.5 µm fiber is 390 mW. Using the
center seeded configuration the 62.5 µm fiber was found to have a SBS threshold of 190
mW, which is significantly higher than previously reported. This can be attributed to
a difference in the quality of input beam used, and the abberations caused by the PBS
cube. For example, using an abberated input, Russell [15] found the SBS threshold
in a 4.4 km 50 µm graded index fiber to be 420 mW.
The Stokes conversion efficiency for the 62.5 µm fiber was calculated to be 38%.
The power input, measured at the point directly in front of the Gatling gun mount,
and power reflected from the SBS fiber, are plotted in Figure 4.1. Compare with
Figure 2.7 which is from a 3.3 km V=14.4 step index fiber. The Stokes conversion
efficiency for the 62.5 µm graded index fiber is comparable to Russell’s ≈ 25% but
short of the 83% reported by Brusselbach [7]. It is clear that step-index is a better
choice for SBS conversion, however numerical aperture must also be considered. The
100 µm fiber did not produce SBS because the center channel was not able to reach
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a power above threshold. A decision was made to use only the 62.5 µm fiber due to
the high threshold required for the 100 µm fiber.
The Brillouin offset of each fiber was calculated. Assuming an acoustic velocity
of 5.96×103 m/s, an index of refraction of 1.45, and a pump wavelength of 1.064 µm,
equation 2.15 provides an offset of 16.24 GHz for the 62.5 µm and the 100 µm fiber.
Each set of Stokes signal is separated by approximately 8 GHz, the free spectral range
(FSR) of the etalon. The Brillouin shift is twice the FSR plus the distance from
the pump to the Stokes signal. Each horizontal division on the oscilloscope screen
represents approximately 3.1 GHz. Therefore, the Brillouin shift was measured to
be about 17.5±0.60 GHz. The relative error of the measured Brillouin shift is 7.7%.
Using the Brillouin shift, we can arrive at a reasonable approximation of the speed
of sound in the fiber. Using Equation 2.15, and assuming an index value of 1.45, the
acoustic velocity in the fiber is 6.42×103 ±220 m/s. Assuming a value for the Brillouin
gain, gb , of 5×10−11 m/W [4, p. 269], an effective area equal to the core area of 3,066
µm2 , and an effective length of 3.3 km, equation 2.19 predicts the critical pump power
Pthresh , to be 390 mW.
In order to couple in maximum power and ensure that all beams are contributing to the Stokes beam, the efficiency was calculated using the method described in
Chapter III. The 62.5 µm fiber was able to couple in 61% of the power from the beam
combiner, and the 100 µm fiber was able to couple in 88% of the power from the
beam combiner. Using fiber coupling theory, we can calculate the theoretical amount
of power that will be combined into the SBS fiber. The 62.5 µm fiber has a numerical
aperture of 0.275 and the 100 µm fiber has an numerical aperture of 0.294. Using the
geometry of the beam combiner we can calculate its numerical aperture and arrive
at a estimated coupling efficiency. The pigtail collimators are 3 mm from the optical
axis and assume they are exactly parallel until intersecting the front of the gradient
lens. The distance of the gradient lens from the SBS fiber is approximately 15 mm.
Including effects from the marginal rays of the individual pigtail beams, the NA of
the GGM and gradient lenses is calculated to be 0.233. Theoretically, one can couple
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Figure 4.1:
Backwards reflected SBS and residual power vs
input power from beam combiner. The fiber was 8.8km of 62.5
µm graded index silica. The conversion efficiency is 38%. Note
that slope efficiency is greater than one which was also reported
by [7]
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100% of the light into the core of both fibers, but this was not observed in practice.
The empirical results are consistent with previous work at AFIT [9].

4.2

Off-Axis Beam Combination
The ability to generate a Stokes beam from off-axis side channels was demon-

strated. Figure 4.2 shows the input power and the reflected power for a run with peak
output power of 989 mW. No Stokes beam was observed at these power levels using
either the 62.5 µm or 100µ fiber.
Reoptimization of the fiber amplifier and realignment of the channels allowed a
run with peak output of 2.5 Watts from the beam combiner. The input coupling of
the 62.5 µm fiber was measured to be 56%. Figure 4.3 shows the input and residual
output power of the SBS fiber. A Stokes beam was observed at an input power of 1.581
Watts which is about 4x larger than predicted for the on-axis pumped case. This was
confirmed using the Fabry Perot etalon and shown in Figure 4.4. The Stokes beam
was seen to flicker in intensity and remained intermittent up to the maximum input
power of 2.5W. The traditional roll-off of output power with increasing Stokes power
was not observed despite presence of a Stokes beam. The average reflected power
measured behind the beam combiner was 50 mW resulting in a conversion efficiency
of two percent. The 100 µm fiber did not generate a Stokes beam in the seedless
configuration, despite a higher coupling efficiency. This is thought to be due to a
much higher SBS threshold.
A second attempt at seedless beam combination was made using the configuration in 3.7 and blocking the output of the center channel. The 62.5 µm fiber was used
for this run. Figure 4.2 shows the reflected Stokes power and residual power measured
at the end of the SBS fiber as a function of the coupled input power into the SBS
fiber. The residual output power does not roll off after the creation of the Stokes beam.
Note that the reflected power is only an average. Due to the intermittent nature of
the Stokes beam a one minute average was taken and the 1 sigma values calculated by
the power meter were used. Observed Stokes beam maximums were usually double,
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Figure 4.2: Residual output power throughput of the 62.5 µm
SBS fiber plotted against input power using the configuration in
Figure 3.4. No reflected Stokes beam was observed.

Figure 4.3: Residual output power through 62.5 µm SBS fiber
and Yes/No Stokes generation plotted versus input power. 0
represents no Stokes, and 1 represents observed Stokes.
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Figure 4.4: Creation of a Stokes beam using four side channels
with no center seed. The distance between two Stokes peak is
8 GHz and the spacing between the Stokes and pump peaks is
about 16 Ghz.
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Figure 4.5: Reflected power and throughput power versus input power using the configuration in Figure 3.7 without center
channel. Average power was taken over one minute. Error bars
are one sigma values given by the power meter. Slope efficiency
was calculated to be 11.4%.
and at times four times the average reflected power. The peak average power was
33 mW, and the maximum observed power was about 400 mW. This represents an
average conversion efficiency of 3.5% and a peak conversion efficiency of about 41%.
The slope efficiency was measured to be 11.4%. The average conversion efficiency
compares well to the results obtained above. Due to the intermittent nature of the
Stokes beam, a Joule meter was used to take the average energy of the Stokes beam
pulses. The energy per pulse, taken as an average over 100 events was 21.6 µJ.
Clearly, the interaction between multiple off-axis pump waves and the created
Stokes wave do not fit the current models of SBS production, which assume an onaxis input source that directly stimulates the fundamental mode in the fiber. The
large number of modes created and the resultant superposition created by the off-axis
inputs does not appear to efficiently couple to the fundamental mode and thus drive
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the SBS process in the fiber. Because the experiment had no capacity for feedback of
the Stokes beam, SBS must regenerate using random noise. The complicated mode
dynamics within the fiber due to the off-axis beams could interrupt this process and
result in the observed Stokes fluctuations. The evidence supporting this hypothesis is
that unlike when the fundamental mode is stimulated by a pump source, the observed
intensity of the Stokes beam created by the off-axis beams continued to fluctuate when
power levels were much higher than threshold.
Figure 4.6 is the image taken at the Stokes beam waist in the near field. Figure
4.7 is taken using the same setup, but at the far field using the procedure detailed in
Chapter III. Both near and far field images were created using off-axis pump beams
with no center seed. Using a Mathematica R nonlinear fit routine, the M2 value was
calculated to be ≤ 1.08, a nearly perfect Gaussian, and demonstrated the cleanup
ability of SBS using the GGM concept and a long multimode fiber. Figure 4.8 shows
the beam waist as a function of relative position. The exceptional quality of the Stokes
beam is an important result and proves that beam cleanup in multimode fibers with
multiple off-axis inputs is possible.
After taking measurements of the Stokes beam, the coupling of the side channels
was evaluated. Due to the polarization of the input beam and the use of beamsplitters,
the balance of power flow through the four channels can be manipulated by adjusting
the orientation of a half-wave plate. The ideal balance, along with two notable runs
are shown below in Table 4.2. The ideal balance is the channel balance one would
get assuming the SBS fiber accepted 100% of the input beams. Since this is not the
case due to the imperfect coupling, these runs are presented to show that SBS can be
produced using off-axis beams that are each making significant contributions to the
total input. The first run in Table 4.2 was the closest match to the ideal case that
created a Stokes beam.
The second run, shown in Table 4.2 changed only the channel balance and not the
orientation of the beam combiner with respect to the SBS fiber. This was accomplished
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Figure 4.6:
Near field image of Stokes beam created using
off-axis beams with no center seed.

Figure 4.7: Far field image of Stokes beam created using offaxis beams with no center seed.
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Figure 4.8:
Stokes beam waist versus position using off-axis
beams without center seed channel.
by changing the orientation of a half-wave plate. The coupling efficiency of the beam
combiner was not calculated due to using the full length of fiber. The total residual
throughput for this run was 3.7 mW.
In this case, one channel has been forced to contribute a majority of the input
power and will generate SBS, similar to the experiment mentioned in Chapter III where
only one side channel was coupled into the SBS fiber. I was not able to determine how
much of each channel was contributing to the generation of the Stokes beam due its
erratic nature, although in cases where one side channel was contributing a majority
of the input power, blocking it effectively killed the Stokes beam.

4.3

Off-Axis Beam Effects on the Center Channel
While the generation of a Stokes beam using only side channels was the most im-

portant result of this work, the interplay between the center channel and side channels
was also investigated.
Combining a center channel with four side channels proved to be very difficult
due to the position of the SBS fiber becoming fixed by the center channel and relying
only on the tilt of the beam combiner to couple the side channels. Using only one
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Figure 4.9: Fabry Perot output using the center seed and one
side channel. The Stokes beam intensity was intermittent when
the side channel was on and steady when it was off. Note the
difference in height of the two Stokes peaks.
side channel and the center seed, I was able to qualitatively demonstrate that the
intermittent Stokes beam is a consequence of the side channel coupling. Using only
the center channel, a steady Stokes beam was observed at the pickoff in Figure 3.7.
When the side channel was turned on, the Stokes signal at the pickoff became
intermittent and fluctuated wildly as if it was at threshold. It would appear that the
side channel disrupts the generation of the Stokes beam due to the large number of
modes being produced in the SBS fiber and the poor coupling to the fundamental
mode by the superposition.

4.4

Chopped Input Beam Combination
After observing the intermittent nature of the Stokes beam output using a con-

tinuous input source, a beam chopper was used to investigate the effects of a tempo45

rally modulated input. The chopped beam approximated a square wave input versus
a continuous signal. A beam chopper with a pulse rate of 130 Hz and a pulse duration
of 1.83 ms was used. The average energy per pulse of the Stokes beam taken over
200 events was 9.3 µJ. The power per pulse, assuming a 1.83 ms pulse width was
approximately 5 mW. This result is much lower than the average power when using
CW input. The average power throughput at the end of the SBS fiber dropped from
75±mW to 18.5± mW with the chopper in place. At an input power of 1.55 W,
this represents an efficiency of 0.32%. The deleterious effect of the beam chopper was
evident in the reduced reflected power, but had no observable effect on the stability
of the Stokes beam.
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Table 4.1: One meter side channel coupling test with 45% total coupling efficiency
Channel Ideal Contribution Contribution Percent Contribution
1
12.5%
5 mW
3.9%
2
12.5%
42 mW
32.8%
3
25%
58 mW
45.3%
4
25%
23 mW
17.9%

Table 4.2: 8 km side channel coupling test
Channel Power Contribution Percent Contribution
1
0.1 mW
2.7%
2
0.4 mW
10.8%
3
3.0 mW
81%
4
0.1 mW
2.7%
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V. Summary and Justification for Future Work
5.1

Summary

n this thesis I have quantitatively demonstrated the ability to generate a single

I

Stokes beam from four off-axis beams using a fiber array beam combiner and a

long multimode fiber. The resulting output from the combination the off-axis beams
is a single, near perfect Gaussian beam with an M2 value of ≤1.08. The GGM and
beam combiner concept allowed efficient combination of the input beams with coupling
efficiencies of 61% for a 62.5µm core fiber and 89% for a 100 µm core fiber. The
GGM provided a way for each input beam to contribute a significant percentage of
the individual power totals to the core of the SBS fiber. While the beam quality
generated by SBS was excellent, the conversion efficiency was quite low. The average
conversion efficiency was about 3.5% with a slope efficiency of 11.4%. However, due
to the fluctuation of the Stokes beam, the peak conversion efficiency was closer to
42%. When the input beam was chopped with a period of 130 Hz, a Stokes beam
was still created, but the average power dropped considerably to 5 mW, representing
a conversion efficiency of just 0.32%. The creation of the Stokes beam using offaxis beams requires much higher input powers, on the order of 4x the threshold in
the on-axis input case. It is clear that there is difficulty in coupling the multimode
pump wave created by the input geometry to the fundamental mode and efficiently
extracting power from the created Stokes wave.
Perhaps the most surprising result of this work was that a cw input divided
among four channels and focused into a optical fiber would generate a Stokes beam
that oscillates in intensity with no determinable period. I qualitatively demonstrated
that these fluctuations in Stokes intensity are caused by the presence of off-axis beams.
The Stokes beam intensity was constant in intensity when only the center on-axis
seed beam was present. The addition of a single side channel creates significant
temporal intensity oscillations in the Stokes beam. These oscillations are erratic with
no determinable period. Rather than a partial dip in Stokes intensity, the Stokes
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beam appeared to completely extinguish between observed maximums, as if coupled
intensity was near threshold.

5.2

Justification for Future Work
The combination of multiple low power lasers into a single high quality beam has

been an important defense research topic in the last 25 years. This thesis represents
an evolutionary increase in the capability to combine multiple laser beams. Since the
generation of a Stokes beam using SBS in an optical fiber was demonstrated in 1972,
researchers have successfully increased both the quantity of beams combined and the
quality of the reflected Stokes beam. While reflected beam power levels remain low,
the combined beam quality is excellent. There is clear indication that the underlying
physics is sound and the engineering problems solvable to allow for larger arrays and
higher powers.
One of the main concerns for achieving higher power is the limitations of the
fibers themselves. Smaller fibers require lower thresholds for generating SBS, but also
bring with them a reduction in core size, which limits the number of beams one can
combine. As shown in this thesis, even small fibers have quite large SBS thresholds.
These thresholds are predicted to scale with increasing core size. Second, since the
SBS fibers themselves have losses, high input powers can easily destroy the SBS fiber,
especially near the input since a majority of the SBS conversion occurs in that region.
Third, SBS requires a narrow linewidth source. With current technology, such sources
are only available in select wavelengths, many of which are not ideal for missions that
deny or degrade enemy capabilities.
The GGM concept proved to be a very good method of physically combining
many beams. The two main issues with the GGM are producing a collimated output
and keeping each beam parallel to the front facet of the combining lens. GRIN lenses
proved effective at providing a collimated output, but the GGM requires improved
machining and more precise alignment than hand-assembly can provide. Larger GGMs
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may cause difficulty servicing individual elements and extracting the Stokes beam due
to the close-packed hexagonal configuration.
Future work will be able to improve upon the beam combiner concept by taking
advantage of higher power sources and more exotic fibers that will allow higher coupling efficiency and lower SBS thresholds. Using current technology, one possibility
would be to create a fiber Brillouin laser that is end pumped by the beam combiner.
The configuration is shown in Figure 5.1.
This setup combines the ability of off-axis beams to create a Stokes beam within
a fiber, with the concept of a Brillouin fiber laser. Such a laser could use many pump
sources and efficiently scale up in power. One could also pump from both ends or
employ a ring cavity. The advantage of using an off-axis pumped fiber Brillouin laser
is that the threshold power required for SBS should be considerably reduced from
what was observed using only off-axis beams because feedback is now provided by
the cavity. The factor of 21 in Equation 2.19 can be reduced to between 0.1 and 1
depending on the coupling losses. [4, p. 280]. The feedback in the cavity would also
provide enhanced coupling to the fundamental mode by the off-axis pump beams.
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Figure 5.1: Concept for an off-axis end-fed Brillouin laser using existing pump source with the addition of a resonator cavity.
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